People plan to act in the future when an appropriate event occurs, a capacity known as event-based prospective memory [1] . Prospective memory involves forming a representation of a planned future action, subsequently inactivating the representation, and ultimately reactivating it at an appropriate point in the future. Recent studies suggest that monkeys, chimpanzees, and rats display elements of prospective memory [2] [3] [4] [5] , but it is uncertain if the full sequence (activation-inactivation-reactivation) that occurs in humans also occurs in nonhumans [6] [7] [8] . Here, we asked if rats exhibit event-based prospective memory. Rats completed an ongoing temporal-discrimination task while waiting for a large meal. To promote the use of event-based prospective memory, we created an event (tone pulses) that provided information that the meal could be obtained soon. Eventbased prospective memory was suggested by the dramatic decline in ongoing-task performance after the event, with excellent performance at other times. To document that the event initiated memory activation, we arranged for the event to occur at novel times. Finally, multiple, repeated presentations of the event on the same day demonstrate that rats inactivate and reactivate the memory representation in an on-demand, event-based fashion. Development of an animal model of prospective memory may be valuable to probe the biological underpinnings of memory disorders [7, 9] .
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Results and Discussion
Successful prospective memory (''remembering to remember'') requires retrieval of a previously inactivated memory representation [1] . An everyday example of prospective memory is when you need to remember to take your medication after eating dinner. In this example, you may form a plan to take the medication, but it is unlikely that you rehearse this plan throughout the day. Instead, you may use a prospective-memory strategy (e.g., your meal might prompt retrieval of the previously formed plan to take medication). In laboratory studies, prospective memory produces a selective deficit in performance when anticipation of a future event occurs, due to limited attentional resources being divided between the two tasks [10] ; no disruption occurs when the memory representation is in an inactive state. For example, a decline in one's work product may occur when an important future event looms (e.g., picking up one's children before daycare closes). Importantly, a selective deficit in performance may be used to document prospective memory in animals as an index of memory activation [5] . To develop a model of event-based prospective memory, we included three features: (1) a meal was available at a distant point in the future, (2) an event was used to signal that a meal could be obtained soon, and (3) an ongoing task was used to measure the prospective-memory-induced decline in performance.
Experiment 1
To provide an ongoing activity, we trained rats in a timediscrimination task [11] . In time-discrimination trials, a 2 or 8 s gap between two brief white-noise pulses was presented, and a small reward pellet was delivered if the rat pressed the correct lever to classify the signal as short or long (e.g., left/ right lever presses were correct after short/long gaps, respectively); on other trials, rats classified intermediate gaps, but choices were not rewarded. To provide a planned future action, we allowed rats access to a large meal consisting of 8 g of food. The meal was available after 90 min of time-discrimination trials, and when the meal became available, each pellet of food was earned by breaking a photobeam located in the food trough. To promote memory activation when an event occurs [12, 13] , we presented an event (brief tone pulses) intermittently 10 min before the meal; 10 min was used to provide a brief window during which a decline in ongoing-task performance could be evaluated. The tone pulses were presented in the intertrial interval between successive discrimination trials to equate these trials with other time points when the event was absent. A rat with prospective memory is expected to show a deleterious effect on ongoing performance in trials after the event, but not prior to the event. A rat without prospective memory is expected to show equivalent performance at these time points.
Performance in the ongoing task was disrupted by the recent presentation of the event relative to an earlier time point when the event had not occurred ( Figure 1A) , as indicated by the compressed range in the psychophysical function. Importantly, the difference between performance before and after the event depended on the gap duration (significant interaction, F [6, 66] = 223, p < 0.05), consistent with a deleterious effect associated with activation of a prospective memory. Moreover, when cumulative-normal distributions were fit to psychophysical functions from individual rats [14] , the range between the lower and upper asymptotes was significantly smaller after the event (t[11] = 24.1, p < 0.01); in this and subsequent analyses, other parameters (mean and SD) from the curve fitting did not differ significantly. The same conclusion about selective disruption of performance was reached when the range between endpoints (performance on 2 and 8 s gaps) was directly compared in Figure 1A (t[11] = 24.7, p < 0.0001). The rats inspected the food trough increasingly during the event ( Figure 1B) , as indicated by more trough responses during the event compared to the preceding 10 min (F[1, 11] = 26.3, p < 0.001) and a steeper increase during the event (F[9, 99] = 30.9, p < 0.001). However, the rats also timed the arrival of the event and/or the meal (F[9, 99] = 25.6, p < 0.001). Thus, although the rats used the event, they also appeared to use time.
Experiment 2
To promote the use of event rather than time in Experiment 2, we scheduled the meal to occur after a variable amount of time but to be preceded by the event in each case. Hence, the event, rather than time, was the most valid cue to predict the *Correspondence: jcrystal@indiana.edu meal. The delay to the meal (35 or 260 min) was randomly determined across days, and the event occurred in the intertrial intervals between successive trials in the last 10 min before either meal; in all other respects, the procedure was the same as in Experiment 1. Thus, only one meal occurred per day (at one of two times), and the event provided information that the meal could be obtained soon. Performance in the ongoing task was severely disrupted after the event, relative to an earlier time point when the event had not occurred, for both early and late meals (Figures 2A and 2B, respectively); the difference between performance before and after the event depended on the gap duration (significant interactions: Figure When the analysis was restricted to the very first trial after the first presentation of the event, the same conclusion about selective disruption of performance was reached (t[11] = 22.4, p < 0.05; to minimize the possibility that the data were influenced by competitive timing of 10 min intervals, we used the five shortest delays between a single, initial tone event and the 2 or 8 s gap from early and late meals); thus, an early, initial presentation of the event was sufficient to produce impairment (i.e., less than 5 s after the event).
To examine the role of event (in conditions that preclude the use of time as a cue to predict meal availability), we compared performance after the event to an equivalent time point when the event had not yet occurred, which documented disrupted performance, as shown in Figure 2C ; this dissociation of event-and time-based cues came between 25 and 34 min, which was when the event occurred on early meal days (i.e., meal at 35 min) but when the event had not yet occurred on days with late meals (i.e., at 260 min). This impairment was documented by a significant interaction (F[6, 66] = 5.7, p < 0.001), reduced range between upper and lower asymptotes (t[11] = 22.6, p < 0.05), and reduced range between 2 and 8 s endpoints (t[11] = 23.8, p < 0.01). This impairment in ongoing-task performance can only be attributed to the event, because time was held constant in Figure 2C . The rats also inspected the food trough primarily during the event (Figure 2D Probe with One Event Because time and event are confounded, the impairment in the ongoing task could be due to time-or event-based prospective memory. To test the hypothesis that the event specifically caused the deleterious effect on performance (shown in Figures 2A-2C ), we put time and event cues in conflict by presenting the event at a novel time. Unlike earlier experience, in which the event always occurred near the first 30 min or after more than 4 hr, we presented the event at 151 to 190 min and omitted the meal. Now, when the event occurred at a novel time, performance in the ongoing task was severely disrupted after the event ( Figure 3A ; t[11] = 24.7, p<0.001; reduced range between 2 and 8 s endpoints), despite the rats' never before experiencing impaired performance, or the meal, at this novel time. When the event occurred at a novel time, the rats also inspected the food trough, as expected ( Figure 3B ).
Probe with Three Events
Existing demonstrations of prospective memory in animals [2] [3] [4] [5] have used tasks that arguably can be solved while continuously maintaining an active representation. Continuous activation predicts that the level of impairment will be constant or graded in a one-directional fashion (e.g., from early to late time points, which is compatible with the graded temporal anticipation shown in Figure 1B and in [5] ). According to this view, the animals have learned a fixed sequence of anticipation (i.e., that the meal is more likely as time passes [Experiment 1] or occurs late if not early [Experiment 2]). Importantly, according to this non-prospective-memory hypothesis, the animal might form a representation of a future event and actively maintain it throughout. By contrast, event-based prospective memory would be documented by showing that the animals can specifically inactivate and subsequently reactivate the memory representation. To evaluate the hypothesis that rats activate and inactivate the memory representation in an on-demand fashion, based on the occurrence of the event, we conducted a test in which the event not only occurred in a novel temporal context but also occurred on three occasions within the same day in the absence of a meal. If rats are capable of repeatedly activating and inactivating the memory representation, then they should show deleterious effects that are selective to the recent presentation of the event. Moreover, returning to high levels of ongoing-task performance after each termination of the event would provide strong evidence that the rats inactivated the memory representation. By contrast, if impairments in ongoing-task performance were based on a learned, fixed sequence, then impairments will not be selective to the presentation of the event when the event is presented repeatedly. Figure 4A shows discrimination performance (range between 2 and 8 s endpoints) in three zones during which the event was absent (unfilled bars) and three zones during which the event was present (filled bars). These data strongly support event-based prospective memory because the animals are impaired when presented with the event and are not impaired at other times. These data document that we can experimentally induce the presence or absence of impairment repeatedly in an on-demand fashion by presenting the event. These data were subjected to a 2 3 3 ANOVA (2 event levels 3 3 repetitions). The recent presentation of the event produced impairment relative to other time points when the event had not occurred (F[1, 11] = 9.6, p = 0.01), as expected. There was no effect of repetition (F[2, 22] = 1.86, p = 0.18) and no interaction of event presence 3 repetition (F[2, 22] = 2.16, p = 0.14). When the event occurred at novel times, the rats also inspected the food trough, as expected ( Figure 4B ).
Our approach rules out a number of non-prospective-memory alternative hypotheses. First, it is unlikely that the event directly interfered with temporal discrimination, because the event was presented during the intertrial interval between successive temporal-discrimination trials; hence, the event was never present when the gap duration was presented or when the duration classification response occurred. Second, response competition between inspecting the food trough and performance in the ongoing task is unlikely to explain the severe disruption observed after the event. If high inspection rates at the trough caused impairment in ongoing-task performance (i.e., response competition), a negative correlation between rate and task performance would be expected. Contrary to this non-prospective-memory hypothesis, the median inspection rate was not correlated with the decline in ongoing-task performance (r = 0.028 6 0.212, mean 6 SEM; t[11] = 0.1, p = 0.9; i.e., <0.0008 proportion of variance explained by response competition; data from Figures 4A and 4B) . Furthermore, when the events were presented at a novel time (Figure 3) , response rate decreased (t[11] = 24.3, p < 0.05) while the magnitude of disruption increased (t[11] = 22.154, p = 0.05) relative to the early meal, which directly contradicts the response-competition hypothesis (data from first 10 min of event). Third, satiety or fatigue are unlikely to explain our data, given that impaired performance occurs at both trained early and late time points (Figures 2A-2C) as well as at novel times ( Figures 3A and 4A) . Fourth, it is also unlikely that the disruption in ongoing-task performance was caused by a decline in motivation to obtain small reward in anticipation of the much larger forthcoming meal (i.e., anticipatory negative contrast). If motivation was reduced, we would expect that the latency to make a short/ long classification response would increase after the event. Contrary to this prediction, rats pressed the lever faster after the event (0.77 6 0.16 s; mean 6 SEM) than at other times (1.26 6 0.16 s; t[11] = 3.0, p < 0.05; data from Figure 4) , an observation opposite to that predicted by anticipatory negative contrast. Aside from the approaches described above, it is not apparent how learning that the tone signals food can simultaneously produce an impairment in ongoing-task performance and an enhancement in motivation without proposing prospective memory.
Conclusions
We propose that when a meal is forthcoming but delayed, the rat forms a representation of the future action (i.e., obtaining the meal), subsequently inactivates the representation, and finally reactivates it when the appropriate event occurs. When the event was not recently presented, the rats inactivated the representation, which produced ongoing-task performance that was excellent (approximately 91%). When the event had recently been presented, the rats reactivated the representation, which produced a dramatic drop in ongoing-task performance (below 70%). Although the rats were trained with one event signaling one meal, in a number of tests with the meal withheld, the rats activated and inactivated the representation in an on-demand fashion. Importantly, the rats showed that they can repeatedly activate and inactivate the memory representation, which strongly supports the hypothesis that rats used event-based prospective memory. Whether the mechanisms of prospective memory involve spontaneous or monitoring-based retrieval is widely debated in the human literature [1] , and our approach may be used to investigate these mechanisms in future studies using animals.
Four lines of evidence document the dissociation of eventbased prospective memory from the use of time as a cue. First, the role of time as a cue was diminished in Experiment 2 relative to Experiment 1 by increasing the validity of event as a predictive cue. Second, the decline in ongoing-task performance occurred after the event relative to an equivalent time point in which the event was not presented ( Figure 2C ). Third, ongoingtask performance declined immediately after the first event (i.e., within the first 5 s since the event, which is substantially before the opportunity to time 10 min with respect to the event in Experiment 2). Fourth, presenting the event at a novel time ( Figure 3A) or at three novel times ( Figure 4A ) produced a decline in ongoing-task performance after the event, despite the rats' never before experiencing impaired performance at these novel times.
The loss of memory function is debilitating. Failures of prospective memory (i.e., forgetting to act on an intention at an appropriate time in the future) is a common feature of aging [15] [16] [17] [18] [19] and negatively impacts health and independence (e.g., forgetting to take medications or lock one's home) [20] . Prospective memory is impaired in several clinical populations, including patients with mild cognitive impairment and Alzheimer's disease [21] [22] [23] [24] , Parkinson's disease [25] , traumatic brain injury [26] [27] [28] , and HIV infection [20, 29] . Moreover, cognitive decline exerts significant societal costs. Thus, even small enhancements that retain cognitive function can have significant impacts on well-being, social engagement, and productivity. Because a vast range of amnesic syndromes in humans produce prominent deficits in prospective memory, development of an animal model of prospective memory may be valuable to probe the biological underpinnings of memory disorders [7, 9] . 
